Experimental
Introduction
The World Health Organization declared M. tuberculosis a global public-health emergency. During the past decade, a resurgence of tuberculosis has been documented in both developed and developing countries. [1] [2] [3] [4] The present methods for diagnosing tuberculosis all have drawbacks. Although chest Xrays are routinely ordered for patients suspected to have tuberculosis, the rotentgenographic manifestations of pulmonary tuberculosis may be protean and nonspecific, especially in HIV-infected patients. 5, 6 The reactivity to an intracutaneous injection of tuberculin antigen (PPD test) cannot distinguish between an active disease and an inactive infection, and both false positives and false negatives are problem. 7 A microscopic examination of sputum is only positive when there is a high bacterial load in pulmonary lesions. Therefore, the World Health Organization has called for the development of new diagnostic technologies.
A variety of serologic diagnostic methods have been investigated, including hemagglutination, 8, 9 precipitation in gels, 10 agglutination tests 11, 12 and ELISA. 13 In high-incidence areas, such as many developing nations, however, a positive serologic test for antibody may merely reflect past exposure to an environmental Mycobacterium species and not indicate disease. The demonstration of Mycobacterial antigens in body fluids may be a more clinically useful approach. This, however, was successful only in tuberculosis pleurisy and meningitis, and far less effective in pulmonary tuberculosis. [14] [15] [16] The reason for this is their sensitivity. Although DNA and RNA probes (hybridization-based approaches), and especially the application of nucleic acid by the polymerase chain reaction (PCR) are sensitive methods, they find many false positive results. Also, their procedures are too expensive and out of reach for developing countries with limited financial resources. The best choice for the diagnosis of tuberculosis would be inexpensive laboratory diagnostic procedures which can be set up in every public health laboratory, especially in developing countries. 17, 18 The use of piezoelectric devices as potential sensors is attributed to the Sauerbray equation, which describes the relationship between the resonant frequency of a crystal and mass deposited on its electrodes: ∆F = -2.3 × 10 6 F 2 ∆M/A, where ∆F is the change in frequency, F the resonant frequency of the crystal, ∆M the deposited mass and A the electrode area. 19 By keeping F and A constant, ∆F has a linear relationship with ∆M. Subsequent technological advances, especially in circuit design that facilitate oscillation in the liquid phase, have led to the rapidly growing field of piezoimmunosensors. 20, 21 Piezoimmunosensors are based upon the measurement of small changes in mass. 22 In this paper, a piezoelectric immunosensor was developed for the detection of M. tuberculosis. Nonspecific binding results are limited by using a control antibody (HBV), which is irrelevant to tuberculosis. By comparing different changes between the control and experimental groups, the presence of tuberculosis was detected. The piezoimmunosensors presented here offer significant advantages for tuberculosis diagnosis. It is rapid, sensitive, specific, and inexpensive and can be easily set up in every public-health laboratory. This is a promising method in clinics for the diagnosis of M. tuberculosis. as a source of antigen. Attenuated organisms were inoculated into a liquid Lowenstein-Jenson medium and grown for 5 -6 weeks at 37˚C with shaking. Because the organisms tended to clump together, it was not possible to quantify the number of TB permilliliters. A very rough estimate is that the culture (TB) which we used had 10 6 -10 8 organisms, and was diluted one to ten in phosphate buffered saline (PBS) before use.
Experimental antibody: 0.2 mg/mL and 0.5 mg/mL rabbit IgG against M. tuberculosis (anti-TB).
Control antibody: 0.2 mg/mL rabbit anti-honey bee venom (anti-HBV).
Affinity purified protein A: 5.0 mg/mL. These were purchased from Pierce Company.
All other chemicals used were of analytical grade; doubledistilled water was used throughout.
Apparatus
An equipment diagram is shown in Fig. 1 . The quartz crystal used in this work was 9 MHz AT cut, silver-coated electrodes (Beijing 707 factory). The measuring system consisted of a transistor-transistor logic circuit (TTL) and a frequency counter, which was controlled by a PC computer (self-made).
A Hewlett Packard HP4192A impendence analyzer was used to measure the admittance-frequency curve.
Coating of protein A and antibodies
The crystal electrode was first immersed in 2 M NaOH for 20 min, washed with distilled water, and then immersed in 2 M HCl for 10 min; washed with distilled water, and then in acetone for 2 min; washed by water and a PBS buffer solution. A 20-µL volume (5 mg/mL) of protein A was applied to the crystal overnight (4˚C). After the crystal had been washed with distilled water, antibodies were applied for 2 h; they were then washed with distilled water and PBS before being ready for use.
Diagnosis of M. tuberculosis
The diagnosis of M. tuberculosis was based on the detection of M. tuberculosis antigen. Attenuated tuberculosis (160 µL) was added to a detection cell comprising a crystal coated with protein A and anti-TB. The frequencies F0.5 at 0.5 min and F20 at 20 min were read and the frequency shift, F0.5-F20, was calculated. After the crystal electrode was recovered with anti-TB, and the electrode was washed with water and PBS. The above procedure was repeated three times. The mean frequency shift (∆F) was calculated.
After anti-TB was recovered from the electrode surface using glycine + HCl buffer (pH = 2.4), anti-HBV was immobilized on the crystal as a control via protein A. The above procedure was repeated three times and the mean frequency shift (∆F) was calculated.
When comparing the experimental frequency shift and the control frequency shift, if the difference in two frequency shifts exceeds 15%, the diagnosis result is TB test positive; otherwise, it is TB Test negative.
Results and Discussion

Studies on the properties of a membrane
A piezoelectric quartz crystal (PQC) is usually called a quartz microbalance (QCM), which obeys the Sauerbrey equation and has high sensitivity. The equation is applicable only if the PQC holds for a gas-phase measurement and one assumes that the coating attached to the crystal surface is rigid and of negligible thickness compared to that of the crystal itself. Therefore, the rigidity of the crystal immobilized membrane, related to the sensitivity of the piezoelectric immunosensor, should be investigated. By measuring the equivalent parameters, the admittance-frequency curves and information about the deviations from rigidity of the crystal after immobilizing protein A and anti-TB were obtained. In Fig. 2 , curves for the admittance of the crystal versus different frequencies near the fundamental resonance were measured with a bare crystal and a crystal immobilized sensitive membrane. It can be seen that the resonance frequency of the crystal decreased and that the shape of the curve changed (the peak height decreased and the peak width increased) after immobilizing a biosensitive membrane. The former result means that the adsorption of protein A and the antibody was successfully modified on the crystal surface. The latter means that the rigidity of the crystal was decreased after a certain amount of biomacromolecule was coated on the crystal surface. It was more sensitive than the Sauerbrey equation indicated. In this paper, a sensitive method for the diagnosis of M. tuberculosis was provided based on a sensitive biomacromolecule membrane, which was below 800 Hz, corresponding to the frequency shift.
Typical frequency curve
Protein A and antibodies were immobilized onto the surface of a one-side-sealed piezoelectric crystal. By an antibodyantigen interaction, M. tuberculosis was adsorbed onto the 398 ANALYTICAL SCIENCES APRIL 2002, VOL. 18 surface of the crystal, which caused the crystal oscillating frequency to change. Figure 3 showed the typical frequency curve. Here, curve 3 is the frequency curve of a piezoelectric crystal sensor coated with rabbit IgG against M. tuberculosis (anti-TB). Curve 2 is the frequency curve of a sensor coated with rabbit anti-honey bee vehom (anti-HBV), which is irrelevant to TB. Curve 1 is the blank frequency curve obtained in PBS solution. It is obvious that the frequency change in curve 3 is greater than that in curve 2, and the frequency change in curve 1 is not too much. In curve 3, the frequency change was caused both by a specific adsorption of TB in the antibody Fv fraction and nonspecific adsorption in the antibody Fc fraction. In curve 2, the frequency change was caused only by nonspecific adsorption. Because the properties of the Fc section of the IgG antibodies are similar, the non-specific adsorption caused by anti-TB and HBV were similar. By comparing the difference in curve 3 and curve 2, the frequency shift caused by specific adsorption of the antibody and the antigen was obtained and the presence of M. tuberculosis was diagnosed.
Here, the experiment group (curve 2) that was used to monitor the nonspecific effect is called control group. The experimental group (curve 3) that was used to monitor both the specific and nonspecific effect is called experimental group.
In order to confirm that the frequency shift was caused by a specific interaction of the antibody-antigen, HBV and anti-TB were separately added to a detection cell that had already immobilized M. tuberculosis. The frequency curve was recorded (Fig. 4) . It could be seen that when adding anti-HBV there was no significant frequency change, but when adding anti-TB there was a significant frequency change. These results indicated that anti-TB was specifically bound onto the quartz crystal with M. tuberculosis.
As already noted above, the mechanism of the piezoimmunosensor is based upon a measurement of the mass change caused by the binding of an antigen to an antibody. Therefore, for more bindings of the antigen to the antibody, a greater frequency shift occurred. Figure 5 shows frequency curves were obtained by adding different concentrations of M. tuberculosis to the detection cell that had already been used to immobilize anti-TB. Figure 6 was obtained when anti-HBV was immobilized in the detection cell. It can be seen from the two figures that as the M. tuberculosis concentration increased, the frequency shift also increased. This is the basis of a quantitative determination of M. tuberculosis. However, this change in the frequency shift is more obvious in Fig. 5 than in Fig. 6 in that M. tuberculosis interacted specifically with anti-TB. Comparing Fig. 5 and Fig. 6 , the detection range of this method (from 10 5 cells/mL to 10 8 cells/mL) was obtained after eliminating the effect of nonspectic adsorption.
The piezoelectric immunosensor method proposed in this paper has 399 ANALYTICAL SCIENCES APRIL 2002, VOL. 18 a lower detection limit, 10 5 cells/mL, which is more sensitive and effective than the traditional diagnosis methods widely used, like ELISA and chest x-rays.
Effect of protein A upon the immobilization of an antibody
For a piezoimmunosensor, the key important thing is an effective immobilization of the antibody onto the crystal surface. When antibodies are covalently attached to solid supports, their specific binding capacity is usually less than that of soluble antibodies. One of the main reasons for this reduction is attributed to the random orientation of the antibodies on the support surface.
To eliminate these drawbacks, the protein A method for achieving oriented antibody coupling was developed.
Protein A has been successfully used to bind the Fc portion of IgG. 23 In the present work, protein A was first precoated onto a crystal, and it then oriented binding antibodies by the Fc portion. Thus, the Fv portion of the antibodies remained free and could bind the antigen effectively onto the crystal surface, which caused the maximum frequency change. The frequency shift which was caused by immobilization of the antibody and specific binding of the antigen on the crystal with or without protein A are shown in Table 1 . It was found that the precoated protein A frequency shift caused by specific binding between M. tuberculosis and anti-TB was larger than that without precoated protein A. These results confirmed that protein A assumes an important role concerning the orientation of the antibody. Therefore, protein A was coated first.
Reusability of a crystal
For an immunosensor, another important thing is how to recover crystals. In this paper, the recovery of two types of crystals was considered. First, a glycine-HCl buffer solution (pH = 2.4) was used to release the antibody from the crystal coated with protein A. When we wanted to change the antibody, the crystal was washed with a glycine-HCl buffer solution (pH = 2.4). The antibody was removed from the crystal and protein A still remained. The new antibody could then be coated to the crystal by protein A. Second, 0.5 mg/mL of the anti-TB solution was used to remove the antigen from a crystal coated with protein A and an antibody. After a determination, immediately washed the crystal with anti-TB, and it was ready for the next use. The experimental results are shown in Table 2 . It can be seen that the glycine-HCl buffer solution (pH = 2.4) can be used to remove the antibody, and that the capacity of the immobilizing antibody after being recovered by the glycine-HCl buffer solution (pH = 2.4) did not change very much during nine experimental runs (see Table 2A , from the second row to the tenth row). Also, concerning anti-TB as a dissociating agent to release TB, after nine recoveries with 0.5 mg/mL anti-TB in our experiment, the capacity of anti-TB did not obviously decrease (see Table 2B , from the second row to the tenth row). Therefore, 0.5 mg/mL anti-TB can be used to remove TB, which was combined to the crystal surface previously.
Diagnose of TB in saliva and sputum
We took saliva samples from normal people and dilute them with a PBS solution. We thus obtained 50%, 30%, 15% saliva solutions; after adding attenuated M. tuberculosis, a diagnosis was conducted according the experimental procedure. The experimental results are given in Table 3 .
Regarding sputum, we took the sputum of normal people, added two-times the volume of NaOH (1 M), waited for 10 min, centrifuged, discarded the upper solution, added 600 µL PBS, and then diagnosed it. The experimental results are given in 400 ANALYTICAL SCIENCES APRIL 2002, VOL. 18 Unit: oscillating frequency, MHz; ∆F, Hz. a. ∆FA is the frequency shift caused by the adsorption of protein A onto the crystal surface. b. ∆FAb is the frequency shift caused by the adsorption of antibody onto the crystal surface coated with protein A. c. ∆Fr is the frequency shift caused by the desorption of antibody from the crystal surface recovered with glycine + hydrochloric acid buffer (pH 2.4). Table 3 . In Table 3 , columns 2 and 3 show the frequency change which was resulted by using different antibodies. For the experimental group (column 2), the antibody was anti-TB and for the control group (column 3), it was anti-HBV. There are significant differences for the saliva of normal people and the sputum species adding M. tuberculosis between two columns. No significant change was observed between the two groups for the sputum of normal people and the saliva species without adding M. tuberculosis. These results were exactly what we had expected.
Conclusions
A new method for a piezoelectric immunosensor was developed for the diagnosis of M. tuberculosis. Nonspecific results were deleted by using a control group. This sensor was stable and reusable. Good results were obtained by diagnosing the sputum of normal people, as well as saliva samples with and without adding M. tuberculosis.
